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I.  INTRODUCTION 


There  is  a  considerable  need  for  well-characterized  diagnostic  techniques 
for  the  quantitative  measurement  of  the  concentrations  of  species  in 
propellant  flames  and  other  combustion  environments.  The  use  of  multiphoton 
excitation  schemes  for  the  detection  of  light  atoms,  such  as  oxygen,  has  drawn 
considerable  interest  in  recent  years. Two  different  approaches  have  been 
employed  in  these  methods,  namely  observation  of  the  fluorescence  emission 
from  the  multiphoton-excited  resonant  state*-^  or  absorption  of  an  additional 
photon  to  produce  ionization Both  of  these  schemes  have  been  utilized 
for  the  detection  of  hydrogen  and  oxygen  atoms  in  flames.  The  former  method 
has  advantages  over  the  latter  in  that  it  does  not  require  the  insertion  of  a 
probe  into  the  medium  and  can  also  be  used  to  obtain  two-dimensional  images  of 
atomic  concentrations  in  flames,  as  has  recently  been  demonstrated.^*^  It 
is  also  easier  to  discriminate  against  background  photon  emission  than 
ionization. 


Figure  1  illustrates  the  scheme  which  has  been  used  for  the  detection  of 
oxygen  atoms  .*  *^  Here,  oxygen  atoms  are  excited  in  a  two-photon 

transition  to  the  3p  state  with  275.6  nm  laser  radiation  and  are  detected 
by  observation  of  the  fluorescent  emission  to  the  3s  5S  state  at  844  .7  nm.  A 
number  of  parameters  are  required  for  the  use  of  this  diagnostic  tool  in  a 
quantitative  fashion.  Recently,  Bamford,  et  al.,^  have  reported  absolute 
cross  sections  for  the  two-photon  absorption  process,  as  well  as  for  one- 
photon  photoionization  of  the  state.  Bimolecular  collision  quenching  rate 
constants  for  this  state  have  also  been  measured  by  several  groups.* 

These  data  are  required  to  account  for  collisional  effects  in  finite-pressure 
environments . 


Miziolek  and  DeWilde^  have  also  shown  the  potential  importance  of 
collisional  excitation  transfer  processes  in  the  collisional  removal  of  this 
highly  excited  atomic  state.  They  excited  oxygen  atoms  by  two-photon 
absorption  at  225  .6  nm  in  an  atmosphere-pressure  CH4-N2O-N2  flame  and  observed 
within  and  through  the  flame  front  not  only  -*P  -*•  emission  at  844  .7  nm,  but 
also  ♦  5S  emission  of  even  greater  intensity  at  777.5  nm.  Similar 
detection  of  777.5  nm  emission  was  subsequently  observed  in  imaging  studies  of 
atomic  oxygen  in  flames.*-*’*^  These  observations  suggest  the  occurrence  of 
excitation  transfer  from  the  ^P  to  the  -*P  state  (see  Figure  1).  The 
interpretation  of  these  experiments  in  terras  of  specific  bimolecular  rate 
processes  is  not  straightforward  because  of  the  high  pressure  (1  atmosphere) 
and  chemical  complexity  of  these  flames.  In  addition,  at  least  in  the 
experiment  of  Miziolek  and  DeWilde,^  the  tightly  focused  laser  probe  was 
observed  to  be  promoting  multiphoton  photolysis  of  the  oxidizer  as  well  as  the 
fuel  molecules,  leading  to  a  two-photon  resonant  formation  of  a  microplasma. 
Nevertheless,  even  under  conditions  of  no  apparent  laser  probe  volume 
perturbation,  it  appears  that  spin-changing  collisions  of  the  initially 
excited  level  could  be  a  significant  collisional  removal  pathway  for  laser 
excited  oxygen  3p  ^P  atoms.  In  order  to  employ  two-photon  excitation  for 
quantitative  measurements  in  combustion  environments,  such  as  propellant 
flames,  it  is  necessary  to  understand  the  mechanism  for  transfer  of  the 
initial  excitation  energy. 


7 


Figure  1 .  Relevant  Energy  Levels  for  Two-Photon  Excitation  of 
Oxygen  Atoms  and  Excited-State  Collisional  Energy  Transfer. 

The  electronic  energies,  taken  from  Ref.  16  are  given  in  cm-^ ,  and 
allowed  radiative  transitions  are  denoted,  with  wavelengths  given  in  nm. 
The  denoted  radiative  and  collisional  rate  constants  are  defined 

in  Section  B. 


The  present  experimental  study  was  undertaken  to  investigate  collisional 
excitation  transfer  from  the  oxygen  3p  to  -’P  states  in  a  controlled  low- 
pressure  environment.  Previous  studies^’^’^  of  collisional  processes 
involving  the  ^P  state  have  centered  on  the  measurement  of  total  quenching 
rate  constants  with  closed-shell  collisional  partners,  such  as  the  inert 
gases,  nitrogen  molecules,  etc.  Simple  theoretical  considerations^  suggest 
that  open-shell  free  radical  species  will  be  more  effective  in  inducing  spin¬ 
changing  excitation  transfer  to  the  state.  Approach  of  an  open-shell 
perturber  species  in  a  state  of,  say,  doublet  spin  multiplicity  to  an  oxygen 
atom  in  the  3p  ^P  state  will  yield  both  doublet  and  quartet  molecular  curves, 
while  approach  to  the  ^P  state  yields  quartet  and  sextet  states.  Crossing  of 
quartet  curves  originating  from  the  ^P  and  '’p  asymptotes  will  provide  a  spin- 
allowed  mechanism  for  collision-induced  transitions  between  the  ^P  and  '’P 
states,  which  is  not  possible  with  closed-shell  partners  This  argument 
ignores  the  possible  importance  of  excitations  in  the  collision  partner. 

In  the  present  study,  we  compare  the  propensity  of  the  stable  open-shell 
oxygen  molecule  and  the  closed-shell  nitrogen  molecule  to  induce  ^P  +  ^P 
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1  £  Q 

transitions.  Previous  experiments  »»  have  determined  the  total  bimolecular 
quenching  rate  constants  for  quenching  of  the  state  by  these  molecules. 

II.  EXPERIMENTAL 

The  apparatus  employed  for  these  experiments  is  shown  in  Figure  2 . 

Oxygen  atoms  were  generated  by  passing  a  mixture  of  helium  and  oxygen  (typical 
partial  pressures  of  1.2  and  0.2  Torr,  respectively)  through  an  Evenson-Broids 
2450  MHz  resonant  cavity.  TJHP  grade  gases  were  obtained  from  Linde  and  used 
without  further  purification.  The  walls  of  discharge  tube  were  coated  with 
phosphoric  acid  to  reduce  atomic  recombination  on  the  surfaces.^  The  forward 
microwave  power  was  kept  relatively  low  (<25  W)  in  order  to  minimize  the 
fractional  dissociation  of  the  oxygen  molecules  and  production  of  other 
transient  species.  Nevertheless,  this  production  scheme  prepared  sufficient 
densities  of  ground-state  oxygen  atoms  for  these  experiments.  The  quenching 
gases,  either  N«  or  additional  0^,  were  added  downstream  of  the  microwave 
discharge.  Pressures  were  measured  by  a  capacitance  manometer.  The  flow  tube 
was  pumped  by  a  50  cfm  single-stage  mechanical  pump. 


DM 


MW  discharge 
tlow  system 


Figure  2.  Schematic  Diagram  of  the  Experimental  Apparatus. 

DL:  dye  laser;  FD:  frequency-doubling  crystal;  FM:  frequency-mixing 
crystal;  DM:  dicroic  mirror;  L:  lens;  F:  interference  filter; 
PMT:  photomultiplier  tube. 


The  laser  excitation  and  fluorescence  detection  zone  was  located  10  cm 
beyond  a  90°  bend  Wood's  horn  light  trap,  which  itself  was  placed  just  past 
the  microwave  discharge.  Two-photon  excitation  of  oxygen  atoms  was 
accomplished  with  tunable  uv  radiation  from  a  NdrYAG  pumped,  frequency  doubled 
and  mixed  dye  laser  (Quantel)  which  operated  at  a  10  Hz  repetition  rate.  The 
dye  solution  in  the  latter  was  a  concentration-  and  composition-tuned  mixture 
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of  rhodamine  590  and  610.  The  226  nm  radiation  was  separated  from  other 
wavelengths  by  a  dichroic  mirror;  this  separation  technique  was  preferred  over 
the  use  of  prisms  since,  with  the  former,  the  laser  beam  position  through  the 
flow  system  does  not  change  with  wavelength.  Typical  uv  power  at  the 
apparatus  was  approximately  l  mj  per  pulse,  and  the  bandwidth  of  the  doubled 
and  mixed  radiation  was  ca.  1  cm-*  FWHM.  The  radiation  was  focused  into  the 
center  of  a  flow  system  with  a  30  cm  Suprasil  lens.  No  photolytic  effects  due 
to  laser  decomposition  of  molecular  oxygen  were  evident,  as  observation  of  the 
0  atom  two-photon  signal  required  the  presence  of  both  molecular  oxygen  and 
microwave  radiation. 

The  fluorescence  was  collected  at  right  angles  to  the  laser  beam  with  a 
fast  (f/2)  Suprasil  lens  and  focused  through  a  filter  onto  a  red-sensitive 
photomultiplier  tube  (EMI  9516QB).  The  filters  employed  were  a  850  nm  center 
wavelength,  25  nm  bandpass  interference  filter  for  detection  of  the  ^P 
emission  at  844.7  nm  and  a  780  nm  center  wavelength,  10  nm  bandpass  filter  for 
observation  of  the  at  777.5  nm.  The  measured  transmission  of  these 

filters  was  56  and  66%  at  844.7  and  777.5  nm,  respectively. 

The  output  from  the  photomultiplier  was  passed  to  a  boxcar  integrator 
(Stanford  Research  Systems)  for  measuring  excitation  spectra  or  to  a  digital 
oscilloscope  (Tektronix  2430A)  for  capturing  the  temporal  profiles  of 
fluorescence  waveforms.  The  boxcar  integrator  and  oscilloscope  were  triggered 
with  a  synchronization  pulse  from  the  Nd:YAG  laser  0  switch.  Some  details 
about  the  specifications  of  the  oscilloscope  are  relevant.  The  bandwidth  of 
the  analog  section  of  this  instrument  is  125  MHz;  the  digital  sampling  rate  is 
100  megasamples  per  sec,  or  10  nsec  between  channels.  In  our  experiments  we 
utilized  an  i  ntemol  af1  «n  feature  for  repetitive  signals,  which  allowed 
digitization  on  a  finer  grid  to  achieve  the  full  bandwidth:  The  waveform  from 
an  individual  laser  pulse  was  obtained  with  the  usual  10  nsec  spacing; 
however,  successive  waveforms  were  taken  with  a  slightly  shifted  initial 
delay,  controlled  internally  by  the  oscilloscope.  To  improve  the  signal-to- 
noise  T"atio,  waveforms  were  also  acquired  using  a  256-scan  running  average. 
Typical  emission  lifetimes  ranged  from  40  to  15  nsec,  while  the  laser 
excitation  pulse  length  was  7  nsec. 

The  waveforms  acquired  by  the  digital  oscilloscope  were  transferred 
through  an  IEEE  488  interface  to  a  microcomputer  (Apple  Macintosh  Plus)  for 
storage,  generation  of  hard-copy  plots,  and  analysis. 

III.  RESULTS 

A.  Fluorescence  Waveforms: 

Figure  3  displays  typical  fluorescence  waveforms  for  emission  at  844.7 
and  777.5  nm.  The  noise  in  these  traces  is  due  to  the  effect  of  the 
interpolating  feature  of  the  oscilloscope  (see  Section  B)  and  the  large 
fluctuations  in  the  fluorescence  signal  between  successive  laser  shots.  Under 
all  pressure  conditions  investigated,  the  emission  at  844.7  nm  from  the 
initially  excited  level  was  much  stronger.  It  should  also  be  noted  that 
the  relative  detection  sensitivity  (filter  transmission  plus  photomultiolier 
sensitivity,  the  latter  taken  from  manufacturer's  specifications)  was  larger 
(4:1)  for  the  collision-induced  ^P  +  feature. 


In  addition  to  the  differing  intensities  for  the  fluorescent  decay  of  the 
initially  excited  and  collisionally  populated  ^P  states,  the  two  waveforms 
in  Figure  3  have  different  temporal  profiles.  The  waveform  for  the  state 
in  Figure  3a  is  the  usual  exponential  curve  expected  for  the  decay  of  an 
excited  level,  while  that  for  the  ^P  state  in  Figure  3b  builds  up  to  the  peak 
intensity  after  an  induction  period.  The  next  section  presents  in  detail  the 
equations  governing  the  time  dependence  of  these  emissions  and  shows  how  rate 
constants  for  the  various  kinetic  processes  can  be  extracted. 


time  (nsec) 


Figure  3.  Waveforms  for  (a)  the  ^P  +  and  (b)  the  -*P  -*■  Fluorescence 
Emission  Upon  Two-Photon  Excitation  of  the  3p  ^P  State. 
Pressures:  1.47  Torr  He  and  0.30  Torr  Oy*  These  waveforms  were 
acquired  with  the  same  photomultiplier  voltage  merely  by  channeling 

the  detection  filter. 
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B.  Kinetic  Equations: 


The  following  equations  govern  the  kinetics  of  decay  and  energy  transfer 
of  the  3d  3P  and  electronic  states  of  the  oxygen  atom: 

dn^/dt  =  -  n^k^  ,  (1) 


and 


dn^/dt  =  n3^35 


-  n5k5 


(2) 


where  n^  and  n,.  are  the  concentrations  of  the  3P  and  ->P  states,  respectively, 
and  k^  and  k^  are  the  total  removal  rates  by  both  radiative  and  collisional 
processes  for  the  respective  atomic  states: 


and 


kr 

«3 


k<J(  M)  [  M] 


(3) 


k5  = 


k§(  M)  [  M] 


(4) 


Here  the  spontaneous  decay  rates  are  denoted  by  kF  and  kF,  while  the 
blmolecular  quenching  rate  constants  are  Indicated  as  k^vM)  and  kP  ( M) . 
Equations  (3)  and  (4)  are  written  assuming  there  is  only  one  quencning 
species,  of  concentration  [M]  ,  present.  The  generalization  to  several 
collision  partners  is  obvious.  These  quenching  rate  constants  represent  the 
total  rate  of  collisional  removal  of  the  relevant  atomic  species.  The 
quantity  k^  in  Eq .  (2)  represents  that  portion  of  the  collisional  removal  of 
the  3P  state  which  results  in  energy  transfer  to  the  state: 


0(3P)  +  M  *  0(5P)  +  M. 


(5) 


We  write 


k35  =  k35^MHMl  »  (6) 

where  k-^(M)  is  the  blmolecular  rate  constant  for  process.’’ 

We  assume  that  the  two-photon  laser  excitation  to  the  3P  state  yields  a 
concentration  n^(0)  in  this  state  at  t=0 .  Equations  (1)  and  (2)  may  be 
readily  integrated.  The  3P  state  follows  a  simple  exponential  decay: 

n3  =  n3^°^  exP(-k3t)»  (7) 

while  the  time  dependence  of  the  3P  state  Is  given  by  the  difference  of  two 
exponentials : 


(0) 


k^^ [ exp(-k^ t)-exp(-k^t) ] 

Vs 


(3) 


o 

Thus,  we  see  that  the  time  dependence  of  the  P  population  follows  the  usual 
exponential  decay,  while  that  of  the  3P  state  builds  up  to  a  maximum  after 
some  delay. 


12 


Equation  (7)  shows  that  the  radiative  lifetime  and  quenching  rate 
constants  may  be  determined  by  measurement  of  the  decay  lifetime  r=k3^  as  a 
function  of  quench  gas  pressure,  in  the  usual  Stern-Vollmer  treatment.  The 
corresponding  quantities  for  the  state  must  be  determined  in  a  nonlinear 
least  squares  treatment  of  the  ^P  concentration  as  a  function  of  time, 
according  to  Eq .  18).  The  time  dependence  of  the  and  -*P  concentrations  can 
be  determined  from  the  emission  intensities  at  844.7  and  777.5  nm, 
respectively. 

The  ^P  ■>  ^P  transfer  rate  cannot  be  determined  from  analysis  of  the 
fluorescence  waveforms  alone,  but  rather  from  the  ratio  of  the  integrated 
emission  intensities.  The  integrated  fluorescence  intensity  for  the  decay  of 
the  ^P  state  is  proportional  to 


T3  =  k3  Jo  n3dt  * 

With  the  help  of  Eq .  (7),  this  equals 
I3  =  n3(0)  (kj/k3)  . 


(9a) 


(9b) 


The  quantity  in  parentheses  in  Eq .  (9b)  may  be  identified  with  the 
fluorescence  quantum  yield  for  the  ”P  state.  The  integrated  emission 
intensity  for  the  ^P  state  is  given  by 

T5  =  k5  4  n5dt’ 
which,  with  Eq .  (8),  becomes 

T5  =  k35  n3(0)  k5/k5k3* 

Thus,  the  ratio  of  these  integrated  emission  intensities  equals 


(10a) 


(10b) 


13/I3  =  (k35/kp  (k|/k5). 


(ID 


The  rightmost  quantity  in  parentheses  in  Eq .  (11)  is  the  ^P  fluorescence 
quantum  yield,  while  the  ratio  of  k33/k3  represents  the  ratio  of  ^P  +  5P 


ene 


rgy  transfer  collisions  to  ^P  radiative  decay  events. 


C .  Quenching  Rate  Constants: 

O 

Quenching  rate  constants  for  the  P  state  were  determined  from  linear 
least  squares  fits  of  the  logarithm  of  the  ^P  -*■  emission  as  a  function  of 
time  from  fluorescence  decay  curves,  similar  to  that  presented  in  Figure  3a, 
at  different  quencher  concentrations.  \  Stern-Vollmer  plot  for  03  is 
presented  in  Figure  4a.  In  this  figure,  the  abscissa  is  the  total  0^  partial 
pressure  including  oxygen  passing  through  the  microwave  discharge  ana  added 
downstream.  For  measurement  of  both  and  Nj  quenching  rate  constants, 
helium  and  oxygen,  at  typical  pressures  of  approximately  1.3  and  0.2  Torr, 
respectively,  were  passed  through  the  discharge.  Using  the  previously 
measured”  quenching  rate  constant  for  helium,  we  calculate  that  colllsional 
removal  by  this  species  is  small  under  our  conditions,  approximately  0.07  X 
107  s-1  .  In  principle,  the  transient  free  radical  species  generated  by  the 
discharge  could  also  contribute  to  colllsional  quenching.  However,  we  found 


that  the  decay  rate  k^  was  the  same  with  low  (20  W)  or  high  (50  W)  microwave 
power  applied  to  the  cavity. 


P(0  )  (Torr) 


Figure  4.  Stern-Volmer  Plots  for  (a)  the  ^P  ->■  Emission  at  844  .7  nm 
and  (b)  the  JP  +  S  Emission  at  777.5  nm  as  a  Function  of  O2 
Quencher  Partial  Pressure 


Linear  least  squares  fits  (the  solid  line  in  Figure  4a)  of  these  data 
yields  the  following  bimolecular  rate  constants  listed  in  Table  1  for  the 
total  collisional  removal  rate  of  the  ^P  state.  The  intercept  for  the  plot 
yields  a  decay  rate  of  (3.05±0.15)  X  ID7  s-^  .  Correcting  for  the  expected 
contribution  due  to  helium  quenching  (see  above),  we  obtain  the  radiative 
decay  rate  for  the  ^P  state:  k^  =  (2.98±0.]5)  X  107  s-^ .  This  corresponds  to 
an  estimated  ^P  radiative  lifetime  of  33 .3±1  .7  nsec.  The  quoted  uncertainties 
for  all  rate  constants  represent  3  standard  deviations. 
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Table  1 .  Bimolecular  Rate  Constants  for  Ouenching  and  Colllsional 
Transfer  of  the  3p  and  ^  States  of  the  Oxygen  Atom  at 

Room  Temperature 


Collision 

Partner 


Rate  constant 
(molecule-^ 


cm 


3  o-l 


) 


This  Study 


Previous 

Determinations 


0 


7 


N 


2 


(7.8±0.8)  X  10“ 10  (8 .64±0 .16)  X  10“10  Ref.  8 

(6 .3±0  .12)  X  10"10  Ref.  6b 

(10  .8±1  .8)  X  10“10 
k35  6  X  10-11* 


"36 


(5  .87±0  .15)  X  10“10 
2  X  10“n* 


(4  ,3±0  .74)  X  10“10  Ref.  6b 
(2.5±0.1)  X  10“10  Ref.  1 


*Estimated  experimental  uncertainty  of  a  factor  of  2. 


The  collisional  and  radiative  decay  rate  for  the  ^P  state  was  obtained 
from  analysis  of  ^P  +  decay  curves  such  as  that  presented  in  Figure  3b. 
Because  of  the  weakness  of  the  emission  signals,  this  analysis  was 

carried  out  only  for  quencher.  The  total  decay  rate  k^  was  determined  by 
nonlinear  least  squares  fits1^  using  the  expected  functional  form  in  Eq .  (8) 
for  the  time  dependence  of  the  -*P  population.  In  this  fit,  the  decay  rate  k^ 
for  the  ^P  state  was  fixed  at  the  value  calculated  from  the  Stern-Vollraer  plot 
in  Figure  4a  for  the  O2  partial  pressure  in  the  given  scan.  Parameters 
allowed  to  vary  in  this  nonlinear  fit  were  the  decay  rate  k^ ,  an  overall 
normalization  constant  (proportional  to  k^)  ,  and  the  channel  for  which  t=0 . 
The  solid  line  in  Figure  3b  represents  the  fit  to  the  experimental  data  given 
in  that  plot. 


The  derived  decay  rates  k^  from  nonlinear  least  squares  analysis  of 
^P  -*■  5S  emission  waveforms  are  presented  in  Figure  4b.  It  can  be  seen  that 
the  scatter  of  the  calculated  rate  constants  is  large.  This  is  due  mainly  to 
the  smallness  of  these  emission  signals,  which  arise  not  directly  from  the 
initially  populated  state  but  rather  by  collisional  transfer.  A  Stern-Vollraer 
analysis  of  these  rate  constants  was  performed  (solid  line  in  Figure  4b)  and 
yield  the  following  estimates  for  the  bimolecular  quenching  rate  constant  by  0£ 
and  the  radiative  decay  rate:  kt^CU)  =  (10.8±1.8)  X  10“  ^  molecule-^  cm^  s  * 
(included  in  Table  1)  and  k^  =  (2.0I±0.35)  X  10^  s“*  .  This  corresponds  to  an 
estimated  radiative  lifetime  of  50±9  nsec. 


D.  Energy  Transfer  Rate  Constants : 

Equation  (11)  shows  that  measurement  of  the  ratio  of  the  integrated 
emission  Intensities  for  and  ^P  +  fluorescence  decay  can  yield  the 

rate  constant  k^^  for  coLlisional  transfer  from  the  ^P  to  the  ^P  state. 
Accordingly,  a  series  of  experiments  were  carried  out  to  record  these 
waveforms  under  identical  pressure  conditions.  For  a  given  partial  pressure 
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of  added  quench  gas,  the  fluorescence  waveform  for  one  of  thee  radiative 
decay  paths  was  recorded;  then  the  filter  was  switched  and  the  other  recorded 
immediately  thereafter.  The  integrated  signals  were  calculated  and  their 
ratios  corrected  for  the  relative  detection  sensitivity  at  844  .7  and  777  .5  nm . 

Figure  5  displays  the  derived  integrated  -*P  to  intensity 

ratios,  corrected  for  the  wavelength  response  of  the  photomultiplier,  as  a 
function  of  both  added  and  added  ^  gas.  The  scatter  in  these  data  is 
again  large,  reflecting  the  large  fluctuations  in  the  fluorescence  signal  from 
ln»er  shot  to  shot.  Nevertheless,  it  can  he  seen  that  for  both  collision 
partners  this  ratio  is  always  small  and  never  increases  beyond  5%  . 


p(N  )  (Torr) 


Figure  5.  Ratio  of  the  Integrated  ^ S  to  ^P  +  Emission  Intensity 

(Corrected  for  the  Wavelength  Sensitivity  of  the  Photomultiplier) 
Versus  Added  (a)  O2  and  (b)  •  The  solid  curves  represent  the  best 

fits  to  the  intensity  ratio  versus  quench  gas  pressure.  The  dotted 
curve  in  (b)  shows  the  expected  intensity  ratio  if  (N2)  were 

equal  to  zero. 
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In  spite  of  the  large  experimental  uncertainties  in  the  integrated 
intensity  ratio,  we  may  still  obtain  estimates  of  the  rate  constants  for 
■*P  -*•  5P  collisional  transfer.  For  the  case  of  02 ,  for  which  the  data  are 
displayed  in  Figure  5a,  the  integrated  intensity  ratio  can  be  expressed  as  a 
function  of  the  02  density  n(02)  as 


A  n(02) 
l+n(02)/nQ 


(12) 


where 


A  =  k35(02)/k|j,  (!3) 

and 

nQ  =  k|/k^(02) .  (14) 

The  quantity  n^  can  be  calculated  from  the  Stern-Vollraer  analysis  (Figure 
4(b))  for  the  '-’P  state  and  equals  1 .9  X  10 ^  molecules  cm-^  (or  0.58  Torr) . 


Thus,  Eg.  (12)  can  be  fit  to  the  data  in  Figure  5a  by  a  linear  least 
squares  fit1”  to  determine  the  coefficient  A  in  Eq .  (12).  Using  our  derived 
value  for  the  iP  radiative  decay  rate  k3,  we  find  that  the  rate  constant 
(0«)  equals  6  X  10-^  molecule' ^  cm^ 


35  2' 


s 


We  estimate  an  uncertainty  of 


approximately  a  factor  of  2  in  this  value,  due  to  the  scatter  in  the 
determined  intensity  ratios  given  in  Figure  5  and  the  uncertainty  in  the 
relative  detection  sensitivity.  The  contribution  to  the  uncertainty  in 
k33(°2)  due  to  possible  error  in  kf  is  less  than  that  from  the  scatter  in  the 
measured  intensity  ratios.  The  solid  curve  in  Figure  5a  represents  the  best 
fit  to  the  integrated  intensity  ratio  as  a  function  of  added  02 . 


Because  of  the  presence  of  a  small  amount  of  02  to  generate  oxygen  atoms, 
the  dependence  of  the  integrated  intensity  ratio  on  added  N2  density  n(N2) 
differs  somewhat  from  F,q .  (12).  In  this  case,  we  have 


T5  B  Dn(N2) 

TT  =  C+n(N  )/n  +  C+n( N  )  / n 

3  2  N  2  N 


(15) 


where 


B  =  k35(02)  n(02)/k3, 

(16) 

C  =  1  +  n(02)/nQ, 

(17) 

D  =  k3^(N2)/k3> 

(18) 

nN  =  k5/k^N2^  • 

(19) 
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The  parameters  B  and  C  are  known  from  the  analysis  of  the  0~  data.  We  have 
not  studied  the  quenching  of  the  state  by  ^  .  In  view  or  the  similarity  of 
the  and  -*P  quenching  rate  constants  by  09  ,  within  the  large  experimental 
uncertainties  particularly  of  the  latter,  we  assume  that  in  Eq .  (19) 

equals  the  corresponding  rate  constant  for  the  JP  state.  We  thus  calculate  n^ 
to  equal  3 .4  X  10^  molecules  cra-^  (or  1.05  Torr)  . 


The  transfer  rate  constant  k.^^)  may  be  calculated  by  a  linear  least 
squares  fit,  similar  to  that  used  for  the  corresponding  rate  constant  for  O2 » 
to  determine  the  parameter  D  in  Eq.  (15).  We  find  that  ^35(^2)  equals  2  X 
10~H  molecule-*  cm^  s-! ,  with  an  estimated  factor  of  2  uncertainty.  The 
solid  curve  in  Figure  5b  represents  the  best  fit  to  the  integrated  intensity 
ratio  as  a  function  of  added  N2  •  This  value  for  ^35^2)  depends  on  assuming 
that  the  ^P  and  ^P  quenching  rate  constants  for  N2  are  the  same.  If  the  ^P 
rate  were  only  half  as  large,  then  the  derived  value  for  ^35^2)  would  be 
reduced  by  ca.  30%.  which  is  within  the  estimated  experimental  uncertainties. 
To  show  that  ^P  -*  ^p  collisional  transfer  is  significant  with  ^  collision 
partner,  we  have  also  plotted  with  a  dotted  curve  in  Figure  5b  the  expected 
integrated  intensity  ratio  if  k^^Nj)  were  equal  to  zero.  The  rate  constants 
k^  for  both  O2  and  N2  are  also  Included  in  Table  1 . 

IV.  DISCUSSION 

Table  1  compares  our  quoted  3p  ^P  total  quenching  rate  constants  with 
those  determined  in  previous  studies.  Our  value  for  Oj  agrees  well  with  that 
of  Bamford,  et  al.,**  and  is  somewhat  higher  than  the  most  recent  resultbb  from 
Kohse-Hoinghaus  and  coworkers.  The  present  result  for  the  corresponding  rate 
constant  for  quenching  by  N2  is  also  slightly  higher  than  that  of  Kohse- 
Hoinghaus  and  coworkers .bb  By  contrast,  the  earliest  measurement  of  the  N2 
quenching  rate  constant  by  Bischel,  et  al.,1  is  considerably  smaller  than  the 
present  result  and  that  of  Ref.  6b.  We  do  not  know  the  reason  for  this 
discrepancy. 

The  present  result  for  the  3p  radiative  lifetime  (33.6±1.7  nsec), 
derived  from  the  intercept  of  the  Stern-Vollmer  plot  for  ^p  quenching  by  O2 
(Figure  4a),  agrees  reasonably  well  with  previous  determinations  of  this 
lifetime.  By  similar  observation  of  time- resolved  two-photon  laser- induced 
fluorescence,  Bamford,  et  al . ,  Bittner,  et  al.,bb  and  Kroll,  et  al.,*^  obtain 
values  of  34.7±3.7,  36  .2±0  .69 ,  and  36±4  nsec,  respectively.  The  measurement 
of  Bischel,  et  al . ,  who  also  monitored  the  emission  after  two-photon  laser 
excitation  and  report  x(3p  ^P)  =  39  .1±1  .4  nsec,  and  that  of  Broraander,  et 
al.,^  who  employed  a  high  frequency  electron  beam  deflection  technique  and 
find  x(3p  ^P)  =  40±3  nsec,  yield  lifetimes  somewhat  longer  than  the  more 
recent  experimental  results.  There  have  been  several  earlier  determinations, 
involving  absolute  emission  intensity  measurements,  of  the  3p  ^P  ♦  3s 
radiative  decay  rate,  and  hence  3p  ^P  radiative  lifetime,  since  the  upper 
state  has  only  one  electric-dipole-allowed  decay  pathway.  The  compilation  of 
Wiese,  et  al.,^!  gives  a  value  of  x(3p  ^P)  =  35.7  nsec.  The  theoretical 
calculations  of  Pradhan  and  Saraph^  yields  a  somewhat  smaller  result: 
t(3p  ^P)  =  30.3  nsec.  The  former  is  in  reasonable  agreement  with  recent  time- 
resolved  experiments,  while  the  latter  appears  to  be  slightly  small. 

Our  experimental  determination  of  the  3p  '’P  radiative  lifetime,  x(3p  ^P) 

=  50±9  nsec,  appears  to  be  somewhat  longer  than  previous  estimates  of  this 
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quantity.  The  present  measurement  suffers  from  difficulties  in  extracting  the 
decay  rate  k,-  in  a  nonlinear  least  squares  fit  to  -*•  emission 
waveforms  with  low  signal  to  noise  ratio  such  as  that  displayed  in  Figure  3b. 
There  has  been  only  one  other  time-resolved  determination  of  the  3p  ^P 
radiative  lifetime.  Using  the  high-frequency  electron  beam  deflection 
technique,  Bromander,  et  al.,^  report  i(3p  'p)  =  39±2  nsec.  The  compilation 
of  Wiese,  et  al.,^1  yields  a  value  of  29  nsec,  while  a  result  of  28  nsec  is 
obtained  from  the  calculations  of  Pradhan  and  Saraph.^  The  oscillator 

J  O  r 

strengths  computed  by  Pradhan  and  Saraph  have  recently  been  shown  by 
comparison  with  electron  scattering  results  to  be  reliable  to  better  than  20%, 
at  least  for  transitions  out  of  the  ground  2p^  ^P  state 


To  our  knowledge,  there  have  been  no  previous  experimental  determinations 
of  collisional  properties  of  the  3p  -*P  state.  While  the  exact  value  for  the 
^P  quenching  rate  constant  by  O2  may  be  uncertain  because  of  difficulties  such 
as  those  discussed  in  the  previous  paragraph,  the  present  experiment 
nevertheless  indicates  that  this  quenching  is  large  and  comparable  to  that  for 
the  neighboring  state.  In  attempting  to  understand  the  variation  of  the 
rate  constants  for  quenching  of  the  nitrogen  atom  3p  state  by  the  inert 
gases,  Copeland,  et  al.,^  noted  the  importance  of  the  availability  of  excited 
states  in  both  the  excited  atom  and  the  quencher  to  understand  the  mechanism 
of  quenching.  For  the  oxygen  atom,  it  is  interesting  that  the  overall 
quenching  rate  for  the  3p  and  -*P  states  by  are  both  large,  despite  the 
fact  that  the  former  can  be  removed  by  excitation  transfer  to  the  ^P  state, 
which  lies  only  ca.  2000  cm~^  lower,  while  excitation  transfer  to  lower  0  atom 
3s  states  for  the  latter  would  require  removal  of  ca.  12000  cm-*  (see  Figure 
1) .  This  suggests  that  excited  states  of  the  O2  collision  partner  may  be  of 
importance. 


The  ratio  of  the  rate  constants  k^(M)  to  k^(M)  equals  the  fraction  fT  of 
^P  quenching  collisions  which  result  in  excitation  transfer  to  the  lower-lying 
~*P  state.  Despite  the  factor  of  2  uncertainty  in  our  measured  excitation 
transfer  rate  constants,  it  is  nevertheless  clear  that  ^P  +•  -*P  collisional 
transfer  explains  only  a  small  fraction  of  the  JP  quenching.  For  O2  and  N2 , 
we  find  that  f™  equals  approximately  8%  and  3%,  respectively.  While  f^  is 
significantly  lower  for  the  closed-shell  ^  molecule  than  for  nevertheless 
this  excitation  transfer  process  is  not  insignificant  for  the  former.  This 
suggests  that  the  model  for  this  process  given  in  the  Introduction  may  be  too 
simplistic . 

We  surmise  that  the  bulk  of  ^P  quenching  collisions  occurs  by  excitation 
transfer  to  the  collision  partner,  rather  than  collision-induced  transitions 
to  lower-lying  oxygen  atom  states.  This  intermolecular  excitation  transfer 
would  be  expected  to  populate  quencher  electronic  states  whose  energies  lie 
close  to  that  of  the  incident  ^P  state.  The  initial  internal  energy  of  the 
former  is  quite  high,  ca.  88600  cm"*  (see  Figure  1),  and  both  O2  and  N2 
possess  a  number  of  potential  acceptor  excited  electronic  states  in  this 
energy  range  As  the  initial  excitation  energy  is  greater  than  the  O2  an<* 

N2  bond  energies,  dissociative  excitation  transfer  can  also  occur. 


The  participation  of  excited  acceptor  states  in  the  collisional  decay  of 
the  ^P  state  would  explain  why  the  model  for  ^P  -*•  ^P  collision-induced 
transitions  given  in  the  Introduction  is  inadequate.  Verification  of  the 
importance  of  intermolecular  excitation  transfer  in  the  quenching  of  the  3p  ^P 
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state  could  be  obtained  by  observation  of  excited  molecular  emission,  in  the 
same  way  that  we  have  shown  the  existence  of  intramolecular  JP  *  Jp 
collisional  transitions.  For  example,  in  the  case  of  N2  the  well-known  C3H  (J 
state  has  excitation  energy  very  close  to  that  of  the  0  atom  3p  state;  this 
electronic  state  emits  in  the  second  positive  system  in  the  ultraviolet.^ 
Quenching  of  the  3P  state  by  N2  can  also  proceed  by  a  chemical  path,  namely 
0(3p  3P)  +  N2  >  NO  +  N. 

The  large  uncertainties  in  the  rate  constants  k^(M)  result  from  the 
large  scatter  in  the  measured  integrated  intensity  ratios  I5/I3  (see  Figure 
5) .  These  fluctuations  would  be  considerably  reduced  if  the  integrated 
signals  1^  and  1^  were  measured  simultaneously  with  two  photomultiplier 
detectors,  rather  than  sequentially  as  in  the  present  experiment.  In  this 
way,  the  intensity  ratio  would  he  corrected  for  shot-to-shot  fluctuations  in 
the  laser  pulse  energy  and  spectral  profile.  Unfortunately,  modification  of 
the  apparatus  to  allow  dual  photomultiplier  detection  was  not  possible  in  this 
experimental  study. 
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